Abstract: A 30-core fiber with heterogeneous cores that achieved large spatial multiplicity and low crosstalk of less than 40 dB at 100 km was demonstrated. The correlation lengths were estimated to be more than 1 m.
Introduction
A multicore fiber (MCF) is expected to serve as a more promising candidate to overcome the capacity limit of optical communication systems compared to the single mode fibers (SMFs). Transmission experiments over MCFs with high core counts of 12 and 19 have been demonstrated [1, 2] . It is difficult to improve the core count under the limitation of the cladding diameter [3] and achieve sufficient low crosstalk (XT) and moderate effective area A eff without any breakthrough in fiber design.
In this paper, we propose a 30-core fiber with heterogeneous cores [4] . The fiber involves four kinds of cores to achieve both large spatial multiplicity and low XT. The correlation length of the fiber is experimentally investigated.
Correlation-length dependence of crosstalk
The XT characteristics of quasi-homogeneous MCFs (QH-MCFs) have been investigated [5] [6] [7] . Figure 1 illustrates the XT behavior as a function of the bending radius R. If R is smaller than R pk , defined by Eq. 1 in Fig. 1 [4] , the XT of the QH-MCF is expressed as Eq. 2 in Fig. 1 [6] ; we call the region an R-dominant region because XT strongly depends on R. If R > R pk , XT of this region is smaller than that of the R-dominant region, correlation length d is a dominating parameter of XT as Eq. 3 in Fig. 1 [7] shows, and XT becomes small as d becomes large. It was reported that d of the QH-MCF was about 50 mm [7] . Nevertheless, the effect of d of the heterogeneous MCF has been unclear so far.
30-core fiber with heterogeneous core arrangement
We designed and fabricated a 30-core fiber with four kinds of cores to evaluate d of a heterogeneous MCF. Figures  2 (a) and (b) show the schematic structure and a cross-sectional view of a fabricated fiber, respectively. The design parameters of the four kinds of cores are summarized in Table 1 . Cores 1, 2, and 3 are trench-assisted (TA) to reduce XT, and Core 4 is a step-index core with no trench cladding, as shown in Fig. 2 (c) , to avoid the lengthening of the cutoff wavelength of cores that are surrounded by TA-cores [8] . A eff of all cores were designed as 80 Pm 2 although n eff s are heterogeneous [4] . Core pitch / was 30 Pm and 'n eff and R pk between different combinations of cores are n eff : Effective refractive index 'n eff : Difference of n eff shown in Table 1 . We evaluated d for 'n eff s by selecting the core combination. The cladding diameter (CD) was 229 Pm. The outer cladding thickness (T c ) was 33.8 Pm in terms of excess loss due to a high-index coating [8] .
We fabricated a 30-core fiber by the stack-and-draw method based on the design. Average / was 29.7 Pm, CD was 228 Pm, and fiber length L was 9.6 km. Average A eff at 1.55 Pm was 77.3 Pm 2 and cable cutoff wavelengths were less than 1.57 Pm.
Crosstalk characteristics of a fabricated fiber
We measured XT using statistical measurements by sweeping the wavelength and a TA-SMF was used as the incident and receiving fiber to improve the dynamic range of XT to about 80 dB [6] . Figure 3 compares the simulated and measured XT of Core 1-2, Core 1-4, and Core 1-3 for L = 22 m. R dependence of XT was simulated for d of 50 mm, 1 m, 10 m, and 100 m. We measured the XT of the freely-coiled fiber at R of 140 mm, 70 mm, and 35 mm to confirm the XT behavior at around R pk . Figure 3 demonstrates that the simulated XT and measured XT show good agreement over the R-dominant region of R < R pk . We cannot determine d from Fig. 3 because XT at R > R pk was approximately 80 dB, which is close to the threshold of our measurement system.
The measured XT of the 9.6-km fiber are plotted in Fig. 4 . The simulated XT at L = 9.6 km for various ds are also plotted. The fiber was wound on a spool of R = 155 mm. Correlation lengths d are estimated to about 1 m, 100 m, and 10 m, respectively. Note that d estimated from Fig.4 (c) involves uncertainty because the measured XT is close to the threshold of our measurement system. Figure 4 suggests that d of the heterogeneous MCF are larger than that of the QH-MCF and depends on 'n eff between cores.
The fabricated MCF realized XT of less than 50 dB at L = about 10 km. The 100-km XT of the MCF is estimated to be less than 40 dB, realizing high-density transmission with a high-order modulation format [1] . Step-index profile (a) Schematic structure (b) Cross-sectional view (c) Index profile of cores Fig. 2 . Schematic structure and cross-sectional view of a fabricated MCF.
Tab. 1. Design parameters of a fabricated fiber. Figure 5 shows the spatial multiplicity and the worst XT at L = 100 km, which is the total XT when all neighboring cores are excited, of the fabricated single-mode MCFs (SM-MCFs). Figures 5 (a) and (b) show the relative core multiplicity factor (RCMF), defined by Eq. 4 [8] , and the core count N, respectively. The RCMF of the fabricated 30-core fiber is reached at about 9 with low worst-case XT of 40 dB whereas that of the previous SM-MCFs was less than 7, and the core count of the 30-core fiber also greatly increases compared to that of the previous SM-MCFs.
Spatial multiplicity of a fabricated fiber

Conclusion
We designed and fabricated a 30-core fiber with four types of cores to realize high-density core arrangement with low XT and investigated the correlation length between heterogeneous cores. The fabricated 30-core fiber achieved A eff of ~80 Pm 2 and low XT of less than -50 dB at 9.6 km even though up to 30 cores were arranged in the limited cladding diameter of less than 230 Pm, and correlation lengths were estimated to be more than 1 m. 
